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Higher harmonic modes in nanoscale silicon cantilevers and microscale quartz tuning forks are
detected and characterized using a custom scanning optical homodyne interferometer. Capable of
both mass and force sensing, these resonators exhibit high-frequency harmonic motion content with
picometer-scale amplitudes detected in a 2.5 MHz bandwidth, driven by ambient thermal radiation.
Quartz tuning forks additionally display both in-plane and out-of-plane harmonics. The first six
electronically detected resonances are matched to optically detected and mapped fork eigenmodes.
Mass sensing experiments utilizing higher tuning fork modes indicate > 6× sensitivity enhancement
over fundamental mode operation.
Since its invention in 1986 the Atomic Force Micro-
scope (AFM) has relied on the deflection of a spring-
mass system, originally engineered as a cantilever termi-
nated with a sharp tip,1 responding to very small exter-
nal forces exerted between the tip and probed surface.
The introduction in 1991 of the frequency-modulated
AFM scheme allowed enhanced force sensitivity without
a trade-off in operating speed.2 Gains in measurement
speeds were achieved by increasing the fundamental res-
onant frequency ω0 =
√
keff/m from the initial ∼ 102 Hz
to ∼ 105 Hz. The sensor spring constants in use have
increased from the originally soft ∼ 0.01 N/m for silicon
micromachined cantilevers to much stiffer ∼ 3000 N/m
quartz tuning fork devices. The latter proved to be a
higher-speed and high-Q alternative, possessing intrinsic
piezoelectric properties characteristic to quartz crystals.3
The piezoelectric response of the fork, linking the me-
chanical motion to an electric signal, greatly simplifies
AFM design by allowing a compact and simple readout.
The tuning fork performance is remarkable both at room
temperature as well as in cryogenic environments.4 In
most cases the mechanical excited motion of the fork is
the fundamental symmetric in-plane mode.5 In contrast
to the fundamental mode, higher harmonics are predicted
to carry information on the interaction between tip and
sample.6 Electronically detected higher harmonics have
led to subatomic AFM features7 and increased measure-
ment speed.8 Recently, the use of higher harmonic detec-
tion in cantilever type sensors demonstrated the capa-
bility to measure local sample stiffness9 and the contact
potential of C60 adsorbed on graphite.10 Mass detection
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in cantilever based measurements was shown to bene-
fit from enhanced sensitivity at higher modes.11 Thus,
quantitative knowledge of the higher harmonic content
of cantilever and tuning fork sensors directly feeds into
the design of next-generation nanoprobes.
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FIG. 1: (Color online) (a) Scanning Michelson interferometer
including a beam expander (focal length f , diameter φ) and
focusing lens. (b) SEM of 200-nm-thick Si cantilever. (c) High
frequency cantilever free-end motion ASD. (Insets) Cantilever
maps of ASD vs position for the first four flexural modes.
In this Letter, we present picoscale characterization
based on a scanning homodyne interferometric scheme
allowing detection of high-frequency oscillation modes
in micromachined devices. Interferometric detection of
cantilever motion has been shown to possess sub-nm
sensitivity in static and low-frequency AFM cantilever
deflection12,13,14 as well as in higher bandwidth mass
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2sensing applications.15 Here, a free space Michelson inter-
ferometer [Fig. 1(a)], with µm-scale spot size in the active
arm, enables pm-scale oscillatory motion detection up to
200 MHz. A coherent and polarized Gaussian beam orig-
inating from a 20-mW HeNe laser (λ = 632.8 nm) is ex-
panded and collimated by means of an expansion module
delivering a beam waist wbeam = 3 mm. The beam is split
using a polarizing beam splitter and focused in the active
arm of the interferometer by a 10× microscope objective
(f = 15 mm) to spot size wspot = 4λf/3piwbeam = 1.3
µm. A custom built low-noise and high-speed trans-
impedance amplifier, with a gain of 107 V/A, amplifies
the photocurrent of a reverse-biased high-speed silicon
PIN photodiode allowing low intensity fringe detection
in a 200 MHz bandwidth. The optomechanical setup is
simple and robust to vibrations when built on a dedi-
cated optical breadboard, offering a relatively inexpen-
sive solution and measurement accuracy comparable to
commercially available laser Doppler vibrometers. We
apply this technique to sensors of different design and
materials, but matching resonant frequencies.
A benchmark of the measurement capability of such a
system is given in Fig. 1(c). Thermally excited modes in
a bandwidth of 1.5 MHz of a silicon cantilever [Fig. 1(b)],
with length l = 90 µm, width w = 8 µm, and thickness
t = 200 nm, are detected as peaks in the amplitude spec-
tral density (ASD) of oscillation when the interferometer
is positioned at the cantilever free end. Thermal mo-
tion in such devices was previously used to detect fem-
togram virus particles binding on the cantilever beam
surface.16 Using the analytically computed eigenfrequen-
cies of the cantilever beam,17 fn = (α2n/2pi)
√
Et2/12ρl4
with α1...4 = 1.875, 4.694, 7.855, 10.996, α5...n = pi(n −
1/2), mass density ρ and elastic modulus ESi(110) = 169
GPa, the first four flexural mode frequencies compute
to fn = 34.0, 212.8, 596.0, 1167.9 kHz. These values
agree well with measured frequencies 30.6, 194.1, 549.1,
and 1080.2 kHz. Scanning and recording the ASD at 1-
µm increments along the cantilever enables mapping of
the eigenmodes presented in the insets of Fig. 1(c). An
interesting fact observed in the higher modes is the ap-
parent increase in the Q of each mode from 20 for the
fundamental at 31 kHz to 50 at 1.08 MHz. Braun et
al.11 have shown that the distributed mass sensitivity of
a liquid-submerged cantilever increases with the mode
frequency. For our sensors, an enhanced mass sensitivity
S = δf/δm is foreseeable at higher modes for detection of
concentrated mass, well beyond S = 0.21 Hz/fg given by
fundamental mode operation only. Indeed this sensitivity
should further benefit from the fact that the observed Q
of the cantilever does not degrade for higher harmonics.
The tuning fork is an assembly of two cantilevers with
intrinsic piezoelectric response and proven high sensitiv-
ity in AFM measurements. We optically and electri-
cally characterize a commercial unit with a tine length of
l = 2450 µm, width w = 120 µm, and thickness t = 220
µm. The theoretical spring constant is obtained from
k = Ewt3/4l3 = 1709 N/m, where Equartz = 78.7 GPa.
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FIG. 2: (Color online) (a) Tuning fork simultaneous opti-
cal/electrical measurement setup. (b) Interferometer readout
for large fork drive signal. (c) Tuning fork amplitude vs ex-
citation voltage. (d) Room temperature tuning fork thermal
motion detected optically at the fundamental and electrically
at the fundamental and 2nd harmonic in-plane modes.
The tine displacement is measured by the interferometer
with the active beam arm reflecting off the surface of one
of the tines as shown in Fig. 2(a).
Positioning the interferometer at the free end of one
of the fork tines and driving the fork at resonance with
variable excitation voltages allows the calibration of the
fork amplitude response. In Fig. 2(b) the photodetec-
tor signal is recorded while the fork is subjected to
drive signal V (t) = V0 cosωt with V0 = 90 mV and
f0 = ω/2pi = 32756 Hz (the experimentally determined
fundamental frequency).
In Fig. 2(c) we plot measured amplitude A vs V0 to
obtain the displacement sensitivity γ from the slope. A
is related to the piezoelectric strain constant d21 and the
surface charge q on each electrode by q/A = 12d21kle(l−
le/2)/t2 where le is the electrode length.4 Taking a time
derivative and replacing the spring constant k with the
theoretical value, we arrive at an expression for the fork
sensitivity
γ =
[
12pid21Ef0Z
(
wtle
l3
)(
l − le
2
)]−1
(1)
where Z is the magnitude of the fork’s complex
impedance. Setting d21 = 2.31 × 10−12 C/N, Z = 330
kΩ, le = 1.6 mm, we find γ = 2.8 µm/V. This agrees well
3with the experimentally observed value of 2.27 µm/V.
With the fork electrodes shorted, thermally excited mo-
tion is detected optically at the fundamental frequency
as shown in Fig. 2(d). The optically detected inte-
grated amplitude is xrms = 1.58 pm. This is in excellent
agreement with the expected value from equipartition,
xrms =
√
kBT/k = 1.56 pm, using T = 300 K and the
theoretical k. Also shown in Fig. 2(d) is the simultane-
ous piezoelectric current generated by thermally excited
motion at the first two harmonics.
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FIG. 3: (Color online) (a) Tuning fork resonances detected via
conductance vs drive frequency in a 2 MHz bandwidth. (b)
FEA-computed mode shapes for the first 6 symmetric in-plane
eigenmodes. (c) Optically detected mode shapes for the first 4
in-plane eigenmodes. (d) Fork free-end optically detected in-
plane and out-of-plane resonances using swept sine excitation.
Amplitudes normalized to the in-plane fundamental mode.
We proceed with identifying the higher eigenmodes of
the fork, with both in-plane and out-of-plane amplitude
components. Figure 3(d) displays the ASD of these de-
tected modes with the readout point at the free end of
the fork. Treating the fork as a cantilever, the in-plane
resonance frequencies are computed at 32.2, 201.9, 565.3,
1107.7, 1830.9, and 2735.1 kHz, which approximate well
only the first three experimental values. However, finite-
element analysis (FEA) of the entire device reproduces
the experimental results with better than 5% accuracy
[see computed mode shapes in Fig. 3(b)]. We are able to
scan the entire 2.4 mm tine and map the first 4 modes at
32.756, 198.1, 528.075, and 958.225 kHz [Fig. 3(c)]. The
mode shapes for the resonances at 1453.85 and 2000.42
kHz are inferred as the 5th and 6th symmetric modes.
Conductance measurements shown in Fig. 3(a) were car-
ried out with the fork placed in vacuum (. 0.1 Torr). The
frequencies of these resonances match the first 6 in-plane
optical values indicating that the piezoelectric coupling
is maximized at these modes. Electrical excitation of the
out-of-plane modes led to very small amplitudes (in the
nm range for driving voltages up to 10 V). This is equiv-
alent to out-of-plane motion ∼ 3 orders of magnitude
smaller than in-plane modes [see Fig. 3(d)].
A mass sensing experiment was carried out in vac-
uum by attaching a 120-ng load to one tine of the fork.
The first four electrically detected modes experienced fre-
quency shifts of 50, 148, 221, and 305 Hz, indicating over
six-fold improvement in mass sensitivity S for operation
at the fourth mode over the fundamental mode. Com-
pared to Si, the minimum detectable mass with a quartz
tuning fork also benefits from a> 100× boost inQ (> 105
in vacuum). An observed
√
fn dependence of the nth har-
monic frequency shift is currently under investigation.
We conclude that higher oscillatory modes can be used
to achieve higher speed and sensitivity for both force and
mass sensing applications. The experimental mode shape
identification can be used in optimizing sensing tip and
mass position within nanoprobe setups.
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